We describe methodology of laser Doppler forced vibrology (LDFV) applied to texture assessment of soft agricultural products. The method is applied to a melon. The lowest frequency resonant peak (mode M 0 ) is used for corrections of the whole amplitude frequency plot expressed in relation to the forcing deformation level. The main differences between vibrology in vertical and horizontal laser positions are described. Missing and/or degeneration of some modes in the laser horizontal position are explained. Peak analysis of the results obtained reveals the parameters connected with information on internal damping, i.e. internal viscosity. Modulus of elasticity is calculated either from the peak frequency of the M 1 mode or by a new method from the M 0 peak frequency. The modulus of elasticity of the latter method is nearly one order higher and is more variable than the former probably because the M 0 mode is related to physical properties of the surface of the melon in contact with the vibrating table. Fine structure of the skin can lead to possible degenerated forms with more sub-peaks.
INTRODUCTION
Modulus of elasticity of spheroids can be estimated by the analysis of their proper free vibrations. This method originates from fruit research in 1960s [1 -4] . It was frequently modified and led up to the commercial instruments [5] used for evaluation of maturity and/or ripening. They can also be used for evaluation of fruit quality. Two methods of sensing were adapted to detect fruit vibration. One method uses an accelerometer directly attached to the fruit surface. However, this method influenced the vibration mode of the fruit surface by extra mass of the sensor [6] . Another method uses sensing of small microphones that unfortunately are too sensitive to ambient acoustic noise.
Use of the laser Doppler vibrometer (LDV) in fruit was started in 1990s [6] . The results obtained by the LDV in studies of fruit firmness correlated well with data obtained with accelerometer sensing. The LDV as a non-contact method detected fruit vibration more accurately than was possible to reach with accelerometer. From that time the LDV became a frequent method in the evaluation of elastic properties of many kinds of fruits (Terasaki et al. [7] ).
The modulus of elasticity (Young's modulus) E can be calculated from the resonant frequencies f 2 corresponding to the spherical mode 0 S 2 by the following formula [7 -10] : (1) where m is the mass of the spherical product, d its density, c ≈ 2.65 dimensionless natural frequency, and n Poisson's ratio.
The aim of this study is to define principles leading to better interpretation of results obtained in LDV forced studies of the soft viscous products that are analysed at much lower frequencies with much higher amplitudes than it is usual in similar studies of harder and more elastic objects. The main difference between these two cases consists in different role that is played by self-motion of the tested products during their tests. The use of these principles is demonstrated on LD vibrology of melon.
FORCED LASER DOPPLER VIBROLOGY
Use of the external vibrations, i.e. use of the forcing vibration systems is the simplest way to excite the proper vibration modes of the tested product. Simple scheme of LDV applied to such a system is given in Fig. 1 .
The LDV consists of an optical system and the accompanying electronic part. The main part of the optical system is a laser to measure the product surface motion: the actual velocity of the surface radial motion is detected as a modulation of the optical signal after interference of the initial and the reflected laser waves. The reflected wave brings Dopplerian information about the actual surface motion and causes the above mentioned modulation. The analysed product is sinusoidally forced by a vibration generator using a source power amplifier and signal generator controlled by a computer. The vibration generator usually works with an amplitude around 1 mm and the frequency response in the sound range was monitored by an accelerometer connected to the vibration generator's table. Signals coming from the optical part are interfaced and then evaluated by the LDV software with fast Fourier transformation (FFT). The result of this evaluation is the plot of the real vibration amplitudes versus frequencies: the amplitude-frequency plot (AFP) with the logarithmic amplitudes A L expressed in dB, calculated under the following formula: (2) where A LD denotes the amplitude of the product surface motion given by LDV system and A amplitude of the table of the vibration generator deter- mined by the accelerometer. Examples of such AFPs are given in Figure 2 . The fast scan with step 1.5 Hz between 10 and 2000 Hz with sampling rate 100 kHz was used in this case. The mode M 0 corresponds to deformation at the contact between the vibrating table and the tested product, the other modes correspond to modes of free vibration of the product. The system of nodes and antinodes of the spheroidal mode is displayed on the representative example, the mode M 1 in Figure 3. Relation between different sets of symbols used for the spheroidal vibration modes is given in Table 1 . For mode M i with a number of periods n follows n = i + 1. Number of nodes in the main cross section ( Figure 3 ) is equal to the number of antinodes in the same plane: 2n = 2(i + 1). The parameters of the mode M 0 depend on the mutual contact properties of the vibration generator and the test product that could be complicated enough to lead to the M 0 peak splitting as in our case -see the additional M 0 ' peak in Figure 2 . The other modes are determined by the properties of the tested product in reaction to the forcing level.
CORRECTIONS OF STANDARD RESULTS

CONTACT BETWEEN PRODUCT AND VIBRA-TION GENERATOR
We confine to small vibration without any interruption of elastic contact with the tested product. The force balance in the contact then leads to the following equation:
where A 1 is amplitude of vertical product motion, w angular frequency of the forced vibration, m mass of the tested product, A 2 amplitude of the subject deformation, and dF/dx force-deforma-tion slope. The addition of both amplitudes A 1 and A 2 gives the resulting amplitude of the vibration generator A:
can be rewritten into more general differential equation: (4) representing equation of linear harmonic oscillator [11] , with free vibration angular frequency w 0 :
Inserting Eq. 4a into Eq. 3 and using Eq. 3a the following equations for A 1 and A 2 were obtained:
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Figure 3:
Plot of the main cross section of a spherical product vibrating in the spheroidal mode M 1 . The black line determines the basic spherical shape of the product; the red line expresses one of the positions of the vibrating surface. The yellow colour shows change of the product shape due to vibration: the increase of the product radius in vertical direction and its decrease in horizontal direction. The location of the nodal lines (nodes -N) and the antinodes (AN) is also denoted. Two neighbour antinode segments with the opposite deviations from the original spherical shape form one period. In our case there are two periods on the main cross section of the sphere (n = 2). 
where w r = w/w 0 = f/f 0 . The Eqs. 5a and 5b show that at frequencies close to zero the product moves with amplitude A without any variable part of deformation. When w is equalled to w 0 ,
With further increase of frequency, A 2 increases with decrease in A 1 . Asymptotic values of A 1 and A 1 at high frequencies are 0 and A, respectively.
CORRECTIONS OF AFPS
First we work with amplitudes in natural scale related to the forcing level. Next, instead of the amplitude of the vibration generator the product deformation A 2 is used as the measure of the product forcing. In case of vertical laser position the oscillation of the whole product (amplitude A 1 ) should be subtracted from the laser Doppler data. So the relative amplitude for the vertical laser position (A RV ) is expressed as follows:
where A L is the standard logarithmic amplitude given by LDV (see Eq. 2). Similarly for relative amplitude in horizontal laser position (A RH ) the following formula was obtained:
Equations 6a and 6b show that the contact corrections are concentrated in the area of the contact peak (M 0 in Figure 2 ) and area of the lower frequencies. Equation 6b gives for A RH at w 0 : 2·10 AL/20 , i.e. the corrected relative amplitude is approximately doubled by the correction. In the vertical laser position the result is more complicated by subtraction of A 1 . For frequencies higher than w 0 the correction quantity decreases very steeply, approximately as a quadratic function of w 0 to w ratio. The results of recalculations and corrections made for AFPs from Figure 2 are given in Figure  4 . This figure shows that the agreement between results obtained in vertical and horizontal positions is high at frequencies where the AFPs could be estimated approximately the same constant values. At lower frequencies with the clear resonant peaks, the agreement of the results obtained in vertical and horizontal positions is very low.
RELATIONS BETWEEN AFPS IN VERTICAL AND HORIZONTAL POSITIONS
The primitive source of differences between the AFPs obtained in vertical and horizontal positions should be dissymmetry and inhomogeneity of the tested product. But even in case of a homogeneous product with the perfect spherical symmetry the forcing contact causes loss of the product symmetry. One of the antinodes in every mode is always located in the forcing contact. On the opposite side of the product, where its surface is analysed by laser arranged into the vertical position, should also be an antinode position. This is caused by the simple fact that the sphere node periodicity in the main plane perimeter (see Fig. 3 ) containing both the mentioned antinodes (the contact point and the analysed point) is 2p/2n = p/n. It means that the AFP obtained in laser vertical position gives information about the antinode frequencies of all observable modes! For the horizontal position the results are totally different. The angle between the forcing point (antinode) and the analysed point is p/2. We saw that angle p represents n full nodal periods with two antinodes in the outer points, so in the analysed point in this case there has to be either an antinode (for even n) or a node (for odd n). This rule supposes perfect symmetry and homogeneity of the tested product. It is difficult to anticipate the properties of the tested fruits, but indication of the rule is clear in Figure 4 
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Applied Rheology Volume 17 · Issue 2 (~ 6.4) than the same peak in the laser vertical position (~ 25.4). We could understand this facts as an indication of peaks missing (for odd n) in case of the ideal measurement. The results of this analysis are supported by previous study of apple vibrations by electronic speckle pattern interferometry [9] .
Peak Analysis
The AFPs presented in Figure 4 was mathematically analysed with aim to determine the parameters of individual peaks [12, 13] . The Lorentz's peaks were used for this purpose: (7) with the parameters: RA 0 -constant value, S -area, w -width, and f p -peak frequency. Good agreement between raw and fitted values is demonstrated in Figure 5 . Every detectable M i peak on both the AFPs (Figure 2 ) was simulated by an individual corresponding peak with only a few exceptions: the mode M 2 in horizontal position was simulated by two peaks; the second detectable peak at M 0 in vertical position (see M 0 ' in Figure 2 ) and some peaks with wider width at high frequencies were also included. The peaks at frequencies higher than ~ 700 Hz were determined with low accuracy of their parameters, mainly their wider peak widths.
Instead of peak area S as a peak parameter we preferred to use more understandable peak height RAP (Relative Amplitude at Peak) expressed from Eq. 7 in the following form:
The information about the most important peaks is given graphically in Figure 6 which shows that with increasing peak frequencies the peak height decreases and the peak width increases. The decrease in the peak heights with increasing frequency is comparable for both laser positions, vertical (M 0 ' excluded) and horizontal (only for even n). The peak widths are rather different in vertical and horizontal positions. Moreover, at the horizontal laser position the widths with odd n increase with increasing peak frequency slower than the widths with even n. These results are in agreement with our previous conclusion about missing the modes with odd n in horizontal position.
In vertical position peak frequency increases linearly with increasing n (Figure 7) : its increment about 136.4 Hz corresponds to unit change of n. Some deviations from this rule were observed for the peak frequencies determined in the laser horizontal position. The deviation, termed as the peak shift, increases with increasing frequency and is also related to decreasing peak height and increasing peak width. The relation between the observed peak shift and the peak width is shown in Figure 8 . The changes in the peak properties with increasing n are connected with the increasing role of internal damping in the vibration processes that can be under-
25111-5 Applied Rheology
Volume 17 · Issue 2 Figure 4 were approximated by Lorentzian peaks (see Eq . 7) . The peaks that were used explained the whole relative amplitude (RA 0 = 0) with multiple indexes of determination R 2 = 0.826 (a/ vertical position -16 peaks) and R 2 = 0.972 (a/ horizontal position -12 peaks). 
ELASTIC PROPERTIES OF TESTED MELON
Putting the results obtained for M 1 mode into Eq. 1 we obtained the following comparable values of modulus of elasticity of 3.32 MPa for vertical position and 3.47 MPa for horizontal position (melon's mass and its diameter are given in text to Figure 2 , n was approximated by 0.3). The obtained values are nearly identical with relative difference of only 4.5 %, corresponding to a set of measurement on melons 3.59 ± 0.62 MPa (n = 10). Modulus of elasticity can be also calculated from mode M 0 as information on the product elasticity in the contact point.
Supposing the melon contacts with a tough flat table (steel table of vibration generator) in terms of homogeneous elastic sphere of radius r, the static contact force F between melon and the table can be described in terms of Hertz's contact theory [14] : (8) where E is elastic modulus of the sphere, m its mass, n its Poisson ratio, and x the surface per-pendicular deformation. The derivative dF/dx can be calculated from the first part of Eq. 8 and the second part can be used for exclusion of deformation x. Putting the calculated dF/dx into Eq. 4a the resulting equation for contact modulus of elasticity E c is obtained: (9) where g is gravitational acceleration and d sphere diameter .
The M 0 peaks obtained for our melon gave the following values of E c = 9.98 MPa (vertical position) and 26.1 MPa (horizontal position). This difference cannot be explained by the above mentioned shifts of the M 0 peak during data corrections that was less than 5% in both positions and then E c error can be enlarged only about 16 %. The observed difference in E c rather expresses differences in the surface properties of the tested melon that gave in repeated measurement 18.4 5± 6.4 MPa (n = 10) . It is clear that interpretation of the M 0 data as well as the process of the correction should be made with the highest care.
CONCLUSIONS
The peak M 0 gives important information about the corrections that is necessary for the AFP of the forced vibrology. It also contains information about surface properties of the product in contact with the table of vibration generator. These properties can vary and could be expressed by elastic modulus of the contact surface of the tested product. Splitting of the M 0 peak can be caused by structural variations in the skin contact.
For corrections of the obtained AFP as well as for peak analysis, the amplitudes have to be expressed in the natural relative form. Test with laser in horizontal position gives reduced infor-
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In vertical position, each mode peak is shifted with a constant increment of frequency (~ 136 Hz in our case). The peak heights as well as the peak widths can be expressed as a power function of the peak frequency. Peak width as well as peak height correlate with relative shift of the horizontal peak frequencies. Both of them correlate with shift of the peak frequencies representing at least some part of information about damping (viscosity) level corresponding to the individual modes.
The AFPs afford information about the modulus of elasticity of the tested products. The mode M 1 gives some kind of holistic modulus of elasticity of the tested product. Approximately the same values were obtained in both laser positions. The M 0 gives the local surface modulus of elasticity that could be different in different places of the tested product.
